We have investigated the interaction between the expression of p21 WAF1/CIP1/SDI1 , a stoichiometric inhibitor of Cdk, and the transcriptional activity of the oestrogen receptor a (ERa). Transient transfection experiments demonstrated that the expression of p21 WAF1/CIP1/SDI1 amplified the transcriptional activation by ERa. A dominant negative mutant of Cdk2 also enhanced the ERa transcriptional activity, indicating that the underlying mechanism relies on the inhibition of Cdk2 activity and cell cycle arrest. In agreement with this conclusion, experiments with p21
Introduction
The oestrogen receptor (ER) belongs to a superfamily of structurally conserved transcription factors, called nuclear receptors (NR), which, upon hormone binding, enhance transcription of specific genes (Mangelsdorf et al., 1995) . Like other members of the superfamily, ERa (NR3A1; Nuclear Receptors Nomenclature Committee, 1999) exhibits a modular structure composed of three functional regions: the amino-terminal region containing the transactivation function AF-1, the DNA binding central domain (DBD) , and the carboxylterminal region that encompasses the ligand binding domain, a dimerization surface, and a ligand-dependent transactivation function AF-2 . Upon activation by hormone binding, the receptor interacts specifically with a cis-acting DNA sequence called the oestrogen response element (ERE), which is usually located upstream of the promoter and displays enhancer properties . For regulation of gene expression, the oestrogen receptor a has to interact with basal transcription factors, such as TFIIB (Ing et al., 1992; Sabbah et al., 1998) , TBP (Cavailles et al., 1995) , and TAF II 30 (Jacq et al., 1994) , which help to stabilize the preinitiation complex at the promoter. These associations are an intrinsic property of ERa, independent of ligand, and can account for the constitutive enhancement of transcription observed in vitro. In addition, the binding of oestrogens to the receptor induces a conformational change in the hormone-binding domain (Brzozowski et al., 1997) which then binds to transcriptional co-activators, such as p160/SRC family, the co-integrators p300, CBP and p300/CBP associated factor p/CAF (Rosenfeld and Glass, 2001 ). These co-activators can form complexes with the receptor as well as with one another. They promote transcription, at least in part, by acetylating histones and by overcoming the repressive effects of chromatin structure on transcription (Rosenfeld and Glass, 2001) . Additionally, p300/CBP can also interact with the RNA polymerase II complex and thus provide a link between the receptor and transcription initiation (Nakajima et al., 1997a,b) .
Recent research has shown that co-activators can bind to and stimulate the activity of a variety of transcription factors involved in multiple and sometimes opposite cellular activities (Glass and Rosenfeld, 2000) . The same co-activator proteins target transcription factors involved in both cell proliferation such as E2F (Trouche et al., 1996) and AP-1 (Arias et al., 1994) , and differentiation such as MyoD (Puri et al., 1997) and retinoic acid receptor (Kurokawa et al., 1998) . The association of co-activators with either type of transcription factors can be regulated by diverse signals from mitogens or differentiation-inducing stimuli. For instance, the phosphorylation of the CREB transcription factor by protein kinase A regulates its interaction with p300/CBP and stimulates the transcriptional activity of CRE-dependent genes. However, regulated phosphorylation of p300/CBP on serine and threonine residues by cyclin-dependent kinase (Ait-Si-Ali et al., 1998; Yaciuk et al., 1991) suggests their possible role as adapter proteins that coordinate cell proliferation and differentiation. In this respect, it has been proposed that the inhibition of AP-1 activity by nuclear receptors is a result of competition for the limiting concentration of p300/ CBP in cells (Kamei et al., 1996) . Recently, it has been shown that the steroid receptor co-activators (SRC-1 and AIB1) are targets of the mitogen-activated protein kinase pathway, activated early in the G1 phase in growth factor stimulated cells (Font de Mora and Brown, 2000; Rowan et al., 2000a,b) .
ERa is required for cell proliferation or differentiation in oestrogen-dependent tissues, including the breast (Korach, 1994) . It is well established that cyclin-dependent kinases (Cdks) control the transitions between successive phases of the cell cycle in all eukaryotic cells (Sherr, 1994) . The activities of cyclinCdk complexes are regulated, in part, through the interaction with two classes of Cdk inhibitory proteins (CdkIs) (Harper and Elledge, 1996 KIP2 which bind to and inhibit all known cyclinCdk complexes. Apart from cyclin-dependent kinases, p21 WAF1/CIP1/SDI1 (hereafter referred to as p21) can also directly prevent DNA synthesis by inhibiting DNA polymerase g and e (Chen et al., 1995; Zhang et al., 1993) . Conversely, the inhibition of p21 expression in G0-arrested cells can induce DNA synthesis and cell cycle proliferation (Nakanishi et al., 1995) . It has been proposed that p21 plays a positive role in the commitment to differentiate, as this protein is upregulated in the early stage of differentiation (Halevy et al., 1995; Liu et al., 1996) . In this regard, the expression of p21 induced by MyoD has been demonstrated to promote myogenic differentiation. Both p300/CPB and p/CAF functions are required in this mechanism (Halevy et al., 1995; Puri et al., 1997; Sartorelli et al., 1999) . A similar mechanism has been proposed for retinoic acid-induced F9-cell differentiation (Kawasaki et al., 1998) . In addition, p21 inhibits the cell cycle and stimulates cell differentiation by increasing the transcriptional activity of NF-kB (Perkins et al., 1997) .
Previous studies indicated that Cdk-inhibitory activity in the human oestrogen-dependent MCF-7 breast cancer cell line is predominantly attributable to p21 (Prall et al., 1997) . Furthermore, a significant correlation between p21 immunoreactivity and well differentiated histological grade in ER-positive breast carcinoma has been reported (Oh et al., 2001) . As both ER and p21 have growth-regulatory effects in normal and tumour cells, we have investigated whether p21 can act as a modulator of actions of oestrogens. Our experiments demonstrate that p21 amplifies the transcriptional activation by ERa. Finally, we show that p21 enhances the transcriptional activation by ERa in a CBP histone acetyl transferase (HAT)-dependent manner.
Results p21 functions as a positive regulator of hormonedependent oestrogen receptor transcriptional activity
To determine whether ER function was influenced by cell cycle regulatory proteins, MELN cells derived from ER-positive MCF-7 breast cancer cells by stable transfection of the luciferase cDNA placed downstream of the oestrogen inducible element were transfected together with increasing amounts of a p21 expression vector or the empty expression vector cassette, and the cells were placed in medium containing oestradiol. We found that cotransfecting p21 led to a dose-dependent increase in ER activity (Figure 1a ). It should be kept in mind that only a fraction of MELN cells express the transfected p21 while all cells respond to oestradiol by transcribing the integrated luciferase gene, so that the overall results underestimate the true enhancement of ER activity by p21. Similar results were observed when MCF-7 cells were transfected with an oestrogen responsive luciferase reporter construct (ERE-tk-luc) and increasing amounts of a p21 expression vector (Figure 1b) . Expression of p21 did not affect either the basal activity of the ER or the activity of the receptor bound to the anti-oestrogen ICI 182 780, which blocks both activation functions of ER (AF-1 and AF-2) (Figure 1b ). In the presence of tamoxifen, a mixed agonist/antagonist known to block only the AF-2 activation function of ER in MCF-7 cells, ERE-tkluc activity was slightly increased by expression of p21 ( Figure 1b) . Next, we have extended our analysis by using the HCT116 p21-deleted cells HCT116 p217/7. When these cells were co-transfected with an ERa expression vector together with the ERE-tk-luc construct, the level of induction by oestradiol (E2) was approximately twofold. A clear additional increase of luciferase activity was observed when p21 was cotransfected ( Figure 1c ). p21 did not potentiate the promoter activity in the absence of ER (data not shown). We also tested the ability of p21 to affect transactivation of the ERb isoform of the oestrogen receptor. The results indicate that p21 also increased the transcriptional activity of ERb in a dose-dependent manner (Figure 1c ). These results indicate that p21 acts as a positive regulator of the ER activity.
Subsequently, we investigated which domains of the ERa are involved in the mechanism by which p21 increases the transcriptional activity of ERa. Expression vectors encoding mutants HE19 (CDEF regions), HE15 (ABC regions) and HE11 (full length ERa deleted of the C region forming the core of the DBD) were co-transfected with p21 and ERE-tk-luc plasmids into HCT116 p217/7 cells ( Figure 2a ). The cells were incubated with oestradiol and their luciferase activity was determined. Previous work (Kumar et al., 1987) has established that each of these ERa variants is expressed at comparable levels from these vectors. In
the presence of the wild type ERa (HEG0), p21 enhanced reporter gene activity 3.1-fold. HE19 transcriptional activity was induced twofold by expression of p21. HE15, which contains the constitutively active transactivating domain AF-1 and the DBD but lacks the ligand binding domain displayed no oestrogeninducible activity, with or without co-expression of p21. As expected, the receptor DBD was necessary as deletion of this domain (HE11) abolished the induction of transcription (Figure 2a ). These experiments demonstrate that the DBD is required and that AF1 and AF2 have to cooperate in order to give an optimal p21-stimulation of ERa activity. We addressed the possibility that p21 could affect the DNA binding activity of ERa. We used COS-7 cells in order to obtain a high transfection efficiency (450%). Cells were transfected with vectors expressing HEGO together with a plasmid expressing p21. After stimulation with hormone for 1 h, nuclear extracts were prepared and tested by EMSA ( Figure 2b ). Under these experimental conditions, p21 did not modify ER DNA binding activity, although p21 was clearly expressed (Figure 2b ). Importantly, over-expression of p21 had no effect on the expression of ERa ( Figure  2b ).
Cdk2 kinase activity is implicated in the regulation of ERa transactivation mediated by p21
To further characterize the molecular mechanisms underlying p21-stimulated ERa activity, we used mutants p21 cdk7 impaired in interaction with Cdks and p21 PCNA7 impaired in interaction with the proliferating cell nuclear antigen (PCNA), an auxiliary factor for DNA polymerases d and e. Since in most cells p21 arrests cell proliferation in G1 phase, thereby preventing the induction of cyclin A expression (Zindy et al., 1992) , we used the cyclin A promoter-based reporter system to monitor the p21-induced growth inhibition in transient transfection assays (Feng et al., 1995) . The ability of the p21 mutants to arrest cell proliferation was examined in the cyclin A-luciferase assay using HCT116 p217/7 cells. Likewise wild type p21, the expression of the p21 PCNA7 mutant downregulated the luciferase activity, contrary to the p21 cdk7 mutant (Figure 3a ). The expression levels of p21 mutant proteins were comparable to those of the wild-type protein as revealed by immunoblotting using an anti-p21 antibody (data not shown). These results confirm that p21 and p21 PCNA7 have antiproliferative effects in HCT116 p217/7 cells. Next we compared the effects of these mutants on ERa activity. The mutant p21 cdk7 was inefficient at stimulating ERa activity whereas the mutant p21 PCNA7 was *90% as (Figure 3b ). These results suggest that p21-induced ERa activity is dependent of the binding of p21 to Cdks. To verify the role of Cdkdependent protein phosphorylation in ERa activity, we used an unrelated CdkI, p16
INK4A , specific for Cdk4 and Cdk6 and Cdk2-dn, a catalytically inactive mutant dominant acting as a dominant negative form of Cdk2, that causes cell cycle arrest at G1/S when overexpressed (van den Heuvel and Harlow, 1993) . As seen in Figure 3a ,b, expression of p16 or of Cdk2-dn inhibited the cyclin A promoter activity and enhanced ERa activity. These observations indicate that ERa transcriptional activity is stimulated by proteins that inhibit phosphorylation by Cdks. 78 M 17b-oestradiol for 1 h. Nuclear extracts were analysed by EMSA or by Western blot Figure 3 Cdk2 kinase activity is involved in ERa transactivation mediated by p21. (a) HCT116(p217/7) were transfected with expression vectors (1 mg) of wild type p21, mutated p21, p16 or Cdk2-dn together with 0.5 mg of cyclin A-luc. Cyclin A-luciferase data are presented as the per cent inhibition of luciferase activity relative to control cells transfected with empty vector. In cells transfected with p21
Cdk7 the cyclin A activity was higher than control, resulting in a negative inhibition. (b) HCT116(p217/7) were transfected with expression vectors (1 mg) of wild type p21, mutated p21, p16 or Cdk2-dn together with 0.1 mg of plasmids expressing the ERa and 0.5 mg of ERE-tk-luc. After transfection, cells were treated with 10 78 M 17b-oestradiol for 24 h and assayed for luciferase activity. The results shown represent the average of a minimum of three independent experiments assayed in duplicate. The activity derived from the ERa in the presence of oestradiol was normalized to 1 and the activity of other effectors is expressed relative to this Previous reports have shown that the cyclin E-Cdk2 complex associates with p300/CBP (Felzien et al., 1999; Perkins et al., 1997) . In addition, p300/CBP has been shown to interact with ERa and to stimulate its transcriptional activity (Chakravarti et al., 1996; Hanstein et al., 1996; Smith et al., 1996) . To investigate whether CBP is involved in the p21-induced ERa activity, we transfected HCT116 and HCT116 p217/7 cells with the ERa expression vector and with increasing amounts of a CBP expression vector together with ERE-tk-luc. Remarkably, CBP did not enhance the ERa activity in HCT116 p217/7 cells even at the highest concentration used whereas in the parental cell line HCT116 we observed an increase in the ERa activity at all concentrations of CBP (Figure 4a ). The additional co-transfection of p21 in HCT116 p217/ 7 cells resulted in enhancement of ERa activity by CBP similar to that observed in HCT116 cells (Figure 4a ), in support of the hypothesis that p21 contributes to ERa-directed transcriptional activation by CBP. CBP promotes transcription in part through its ability to acetylate histones or non-histone proteins (Kouzarides, 2000) . To determine whether or not this catalytic function is required to mediate the effects of p21 in stimulating ERa activity, we performed similar experiments as described above except that a dominant negative mutant of CBP (CBPDHAT) lacking acetylase activity was transfected instead of wild type CBP. The expression level of the CBP mutant protein was comparable to that of the wild type protein as revealed by immunoblotting using an anti-CBP antibody (data not shown). Consistent with previous results (Chen et al., 1999) , the DHAT mutant was severely deficient in potentiation of ERa activity in HCT116 and HCT116 p217/7 cells (compare Figure 4b with Figure 4a ). Additional cotransfection of p21 in HCT116 p217/7 cells did not result in enhancement of ERa activity by CBPDHAT. These results indicate that acetyltransferase activity of CBP is required for p21 to increase transcriptional activity of ERa.
As p/CAF and SRC-1 as well as CBP can be recruited to the liganded ERa and enhance oestrogen induced ERa activity when over-expressed (Blanco et al., 1998; Smith et al., 1996) , we decided to investigate the role of these co-activators in the p21-stimulated ERa activity. We performed similar experiments as with CBP (see above). As expected, we found that p/CAF and SRC-1 potentiated the transcriptional activity of ERa (Figure 5a,b) . In contrast with CBP, these co-activators enhanced the transcriptional activity of ERa to the same extent in HCT116 or HCT116 p217/7 cells (Figure 5a,b) . However, additional co-transfection of p21 in HCT116 p217/7 cells resulted in a further enhancement of ERa activity by p/CAF and SRC-1 (data not shown).
p21 modulates the phosphorylation status and the HAT activity of CBP
Since CBP is a phosphoprotein and a potential substrate of Cdk (Yaciuk et al., 1991) , we investigated Figure 4 p21 mediates the effect of CBP on ERa activity. (a) HCT116 and HCT116(p217/7) cells were transfected with increasing concentrations of expression vector for CBP (0.1, 0.5 and 1 mg) together with 0.1 mg of plasmid expressing ERa and 0.5 mg of ERE-tk-luc. The same experiment was performed with HCT116(p217/7) transfected with expression vector for p21 (1 mg). (b) CBP HAT domain is required for ERa transcriptional activity. HCT116 and HCT116(p217/7) cells were transfected and treated as in A except that CBPDHAT was used instead of CBP wild type. In all these experiments, cells were treated with 10 78 M 17b-oestradiol for 24 h and assayed for luciferase activity. The results shown represent the average of a minimum of three independent experiments assayed in duplicate. The activity derived from the ERa in the presence of oestradiol was normalized to 1 and the activity of other effectors is expressed relative to this p21 waf1 activates ER G Redeuilh et al the effect of p21 on its state of phosphorylation. HCT116 p217/7 cells were transfected with p21 expression vector and cells were labelled with [ 32 P]orthophosphate. Cell lysates were then analysed by immunoprecipitation with CBP-specific polyclonal antibodies and electrophoresis. As shown in Figure 6a , expression of p21 decreased the phosphorylation of endogenous CBP, whereas the level of CBP was not significantly affected. These results are consistent with in vitro and in vivo phosphorylation data suggesting that Cdk2 is involved in CBP phosphorylation at the G1/S boundary (Ait-Si- Ali et al., 1998; Perkins et al., 1997) . These data underestimate the true decrease of CBP phosphorylation resulting from the expression of p21: CBP can be phosphorylated also by kinases other than cdk2 (Goodman and Smolik, 2000) and the fraction of transfected cells does not exceed 20 -30%. Next, we tested the effect of p21 on CBP HAT activity. HAT assays were performed with HA-CBP immunoprecipitated from HCT116 p217/7 cells transfected or not with p21. We found that p21 increased the HAT activity of CBP whereas the level of HA-CBP was not significantly affected ( Figure 6b ).
Discussion
In this report, we demonstrate that the inhibition of Cdk2 activity enhances transcriptional activation by the oestrogen receptor a. The inhibition of Cdk2 activity was obtained by the transfection of expression vectors encoding CdkI proteins (p21, p16
INK4 ) or of a dominant negative variant of Cdk2. The expression of any of these proteins led to the arrest of the cell cycle as verified by the inhibition of the activity of the cyclin A promoter, confirming the efficient inhibition of the Cdk cascade. p16
INK4A is a selective inhibitor of Cdk4/ Cdk6 activity, and indirectly of the activation of Cdk2 which relies on the expression of cyclins E and A following the phosphorylation of Rb by Cdk4/Cdk6 (Jiang et al., 1998; McConnell et al., 1999; Mitra et al., 1999) . p21 inhibits Cdk2 directly and Cdk2-dn inhibits the phosphorylation of Cdk2 substrates by competition with the endogenous enzyme. Cdk2 activation is a critical event in the G1/S transition. Inhibition of Cdk2 leads to an arrest of cell proliferation and is often associated with induction of differentiation. In this context, it has been reported that overexpression of p21 in an ER-negative breast cancer cell line confers a differentiated phenotype reversed by antioestrogens, possibly through an ER-related protein (Chen et al., 2000) . We have analysed in more detail the mechanisms of the interaction between the transcriptional activity of ERa and the expression of p21.
The enhancement of ER activity by inhibition of Cdk2 was detected in oestrogen-dependent MCF-7 breast cancer cells transiently or stably transfected with an oestrogen responsive luciferase reporter construct as well as in HCT116 colon cancer cells with inactivated p21 gene. In the absence of agonist ligand, inhibition of Cdk2 did not induce the ER activity. Analysis of ERa deletion constructs revealed that the DBD is required and that AF1 and AF2 cooperate in order to mediate the p21-stimulated ERa activity. In addition, Figure 5 Effects of p/CAF and SRC-1 on ERa activity in HCT116 and HCT116(p217/7) cells. (a) HCT116 and HCT116(p217/7) cells were transfected with increasing concentrations of expression vector for p/CAF (0.5, 1 and 1.5 mg) together with 0.1 mg of plasmid expressing ERa and 0.5 mg of ERE-tk-luc. (b) HCT116 and HCT116(p217/7) cells were transfected and treated as in A except that SRC-1 was used instead of p/CAF. In all these experiments, cells were treated with 10 78 M 17b-oestradiol for 24 h and assayed for luciferase activity. The results shown represent the average of a minimum of three independent experiments assayed in duplicate. The activity derived from ERa in the presence of oestradiol was normalized to 1 and the activity of other effectors is expressed relative to this
we show that the expression of p21 stimulates transcriptional activation by ERa through a CBPdependent mechanism. Consistent with previous results (Chen et al., 1999) , our data suggest that the stimulation of ERa activity by CBP is dependent on its HAT function. For the understanding of the role of CBP, it is important to note that CBP-stimulated ERa activity is dependent on the presence of p21 in the cells, although the expression of p21 does not augment the intracellular levels of CBP or ERa nor does it increase the sequence-specific DNA-binding of ERa. It has been reported that CBP HAT activity is regulated in a cell cycle-dependent manner, through phosphorylation by the cyclin E-Cdk2 complex or by an unknown related kinase (Ait-Si-Ali et al., 1998). In contrast with these reports we found that the introduction of p21 into p21-negative cells increased the HAT activity of CBP although CBP was in hypophosphorylated state. These results are consistent with previous reports demonstrating that p21 strongly enhances transactivation by the RelA (p65) NF-kB subunit (Perkins et al., 1997) . This was correlated with the inhibition of CBP/p300-associated cyclin E-Cdk2 activity. Furthermore, HAT activity of CBP potentiates different NF-kB-driven gene promoters (Vanden Berghe et al., 1999) . More recently it has been shown that p300 and CBP contain a transcriptional repression domain (CRD1) and that transactivation by coactivators is stimulated through inactivation of this domain by p21 (Snowden et al., 2000) . Although the precise mechanism has not been elucidated, it has been suggested that regulation of the CRD1 domain by p21 is indirect and arises from cell cycle arrest. We can hypothesize that inactivation of this repression domain can alleviate the block of the HAT activity of CBP. It is interesting to note that CBP/p300 HAT activity is critical for myogenic terminal differentiation downstream of the expression of p21 (Polesskaya et al., 2001) .
In summary, this work reveals a new mechanistic link between gene activation by ERa and signalling that controls cell cycle progression. In addition to the effects of oestradiol on cyclin D1 expression (Altucci et al., 1996; Planas-Silva et al., 2001; Sabbah et al., 1999) , it has been recently demonstrated that cyclin D1, which is frequently over-expressed in ER-positive breast cancer, can act as a bridging factor between ERa, SRCs and p/CAF to form a transcriptionally active complex (McMahon et al., 1999; Zwijsen et al., 1998) . The role of cyclin D1 in the control of proliferation of the mammary gland tissue has been also verified in mice with deleted cyclin D1 gene: such mice are defective in pregnancy-associated tissue (Sicinski et al., 1995) .
As expected, we find that SRC-1 and p/CAF increase the transcriptional activity of ERa. However, the lack of p21 does not significantly affect p/CAF nor SRC-1-stimulated ERa activity. Therefore, p21 and cyclin D1 can discriminate between the different coactivator families. These observations suggest that the ability of p21 and cyclin D1 to stimulate ERa may contribute to the transcriptional activation of specific genes involved in respectively differentiation or proliferation. The regulation of oestrogen-inducible differentiation-related genes by p21 is not an exclusive mechanism as female mice lacking p21 were found to develop normally and did not show defects in reproductive functions or lactation (Brugarolas et al., 1995; Deng et al., 1995) . Thus, in vivo, the differentiation function of the ER remains intact in p217/7 The total HA-CBP protein contents were evaluated by Western blot using a monoclonal anti-HA p21 waf1 activates ER G Redeuilh et al mice, and although p21 appears to play an important role in regulating cell cycle progression and differentiation, its activity may be functionally redundant in normal cells.
As p300/CBP, SRC-1 and p/CAF are part of many transcription factor complexes, the role of these coactivators in the control of gene expression during proliferation or differentiation may be more complex than initially thought. The precise mechanisms through which p21 modulates the functions of these coactivators need to be further investigated.
Materials and methods

Cell culture
COS-7, an African green monkey kidney cell line and MCF-7, a human breast cancer cell line were obtained from the American Type Culture Collection. MELN cells are MCF-7 cells stably transfected with the ERE-luciferase construct (Gagne et al., 1994) . All these cell lines were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% foetal bovine serum (FBS). HCT116, a human colorectal cancer cell line and a p21-null clone HCT116p217/7 derived by homologous recombination (Waldman et al., 1995) were grown in McCoy's 5A medium supplemented with 10% FBS. All cell culture media were supplemented with 200 U/ml penicillin and 200 mg/ml streptomycin and all cells were grown at 378C in a humidified 5% CO 2 atmosphere.
Transient transfection
Transfections were performed by the Lipofectamine method (Gibco -BRL) following manufacturer's protocols. Prior to experiments, cells were placed for 24 h in medium without phenol red containing 10% charcoal-stripped serum. For assays of ER activity, 2610 5 cells were transfected with 0.5 mg of the ERE-tk-luc construct (Klock et al., 1987) and various expression vectors. For each transfection, the total quantity of transfected plasmid DNA was kept constant by the addition of pcDNA3 plasmid (Invitrogen). After 16 h, fresh medium containing vehicle, 10 78 M 17b-oestradiol, 10 77 M tamoxifen or 10 77 M ICI 182 780 was added. After a further 24 h, cells were harvested and lysed in Reporter Lysis Buffer (Promega) prior to analysis of reporter activity using a luciferase assay system (Promega). Luciferase was measured using a Lumat LB 9507 luminometer (Berthold). All luciferase values were normalized by protein concentrations and expressed relative to the basal or oestradiol-induced promoter activity as fold induction. For cyclin A-luciferase assays, HCT116 (p217/7) were transfected with vector encoding wild-type p21, mutated p21, p16 or Cdk2-dn and the cyclin A-luciferase reporter (Feng et al., 1995) . The luciferase activity was measured 48 h after transfection.
Expression plasmids
The expression plasmids for full length hERa and its fragments (HEG0, HE19, HE15, HE11) were described in (Sabbah et al., 1998) . The expression plasmids pcDNA3-p21, pcDNA3-p21 cdk7 and pcDNA3-p21 PCNA7 were gifts from Dr B Ducommun. The expression plasmids pRc/RSV-CBP, pCMV-CBPDHAT, pCMXFlag-PCAF and pcDNA3-SRC-1 were gifts from Drs RH Goodman, D Trouche, Y Nakatani and B O'Malley respectively. The vectors pCMV-Cdk2-dn and CMV-p16 were obtained from Drs E Harlow and RM Michalides, respectively.
Western blot analysis
Nuclear extracts from transfected COS-7 cells were prepared as described in Andrews and Faller (1991) . Equal amounts of nuclear protein extracts were separated by sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE) and blotted to a cellulose nitrate membrane. Immunoblot analysis was performed with an anti-oestrogen receptor (H222, Abott Laboratory) or anti-p21 (F5, Santa Cruz Biotechnology) monoclonal antibodies, and immunodetection was performed with an enhanced chemiluminescence system (Amersham Pharmacia Biotech).
Phosphorylation assays
HCT116 (p217/7) cells were transfected with empty vector or with a p21 expression vector. After 24 h, cells were metabolically labelled with [ 32 P]orthophosphate (500 mCi/ml; Amersham) in phosphate-free DMEM for 4 h. The cells were lysed by incubation at 48C for 30 min in lysis buffer (20 mM tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% NP-40) supplemented with 10 mM NaF, 0.1 mM Na 3 VO 4 , 1 mM phenylmethylsulphonylfluoride, 1 mg/ml leupeptin, 0.5 mg/ml pepstatin and 1 mg/ml aprotinin. The lysates were centrifuged 30 min at 30 000 g and the supernatants were stored at 7808C. Proteins were immunoprecipitated with anti-CBP polyclonal antibody (A22, Santa Cruz Biotechnology) or rabbit IgGs as a control at 48C for 2 h, and collected on protein G-Sepharose beads (Amersham Pharmacia Biotech) at 48C for 1 h. The beads were washed five times with 1 ml of lysis buffer and proteins were analysed by SDS -PAGE. The gel was dried and exposed to X-ray film at 7708C. The level of proteins expression and the autoradiographs were quantified by densitometric scanning. The total CBP protein contents were evaluated by Western blot using a polyclonal anti-CBP. The immune complexes were detected with an enhanced chemiluminescence detection kit (Amersham Pharmacia Biotech).
Immunoprecipitation histone acetyl transferase assays HCT116 (p217/7) cells were transfected with HA-CBP together with empty vector or with a p21 expression vector. After 24 h, cell lysates were immunoprecipitated with anti-HA monoclonal antibody and the HAT assay was performed as described in (Fu et al., 2000) (Brownell and Allis, 1995) .
Electrophoretic mobility shift assays (EMSA)
For DNA binding analysis, Cos-7 cells were transfected with plasmids expressing ERa together with empty vector or with increasing concentrations of vectors expressing p21. After transfection, cells were incubated with 10 78 M 17b-oestradiol for 2 h. Nuclear extracts were prepared as described in Andrews and Faller (1991) . A 40-bp double strand oligonucleotide containing the ERE element was end-labelled with [a- 32 P]dCTP and the Klenow fragment of the DNA polymerase I. Binding assays were performed as described (Sabbah et al., 1996) . The products of the reactions were separated on 6% polyacrylamide, 0.25X TBE gels. waf1 activates ER G Redeuilh et al
